Abstract. -The emplacement of the Saint-Brieuc diorite (533 ± 12 Ma ; Brittany, France) developed a narrow contact aureole in metabasaltic host-rocks which were previously submitted to a regional-scale deformation and metamorphism at around 590-570 Ma. This study aims to qualify and quantify the microstructural changes of rocks that occur within the contact aureole and that are the result of the static recrystallization due to the thermal effect of the diorite. In order to quantify the textural evolution of rocks, an image analysis has been performed on thin sections. It focused on the measurements of morphological features of hornblende and opaque phases. They are anisotropy shape factors (stretching and elongation) of minerals, the preferred orientation of minerals and the distribution size (areas) of minerals. The quantification of these different parameters shows that the static recrystallization, which increases when approaching the contact with the intrusive, (i) is responsible of a reduction of the anisotropy shape and elongation parameters of grains, (ii) causes coarsening and (iii) is responsible for the disappearance of preferred orientation of minerals. Both together, the qualitative description and quantitative measurements show that the solid-state transformations due to contact metamorphism tend to make the rocks isotropic and equigranular. Résumé. -Cette étude a pour but de décrire et de quantifier les transformations microstructurales des roches qui, à l'intérieur d'une auréole de métamorphisme de contact, recristallisent statiquement sous l'effet thermique d'une intrusion. La diorite de Saint Brieuc (533 ± 12 Ma ; Bretagne, France) developpe une étroite auréole de contact dans les amphibolites de Lanvollon. Cet encaissant est essentiellement constitué de métabasaltes qui ont été auparavant soumis à une dé-formation et un métamorphisme régionaux aux environs de 590-570 Ma. Afin de quantifier l'évolution texturale des cornéennes, une analyse d'image a été réalisée à partir de lames minces. Les caractéristiques morphologiques des hornblendes et des minéraux opaques des amphibolites mesurées sont : les facteurs d'anisotropie de forme (étirement et élongation), l'orientation préférentielle et la distribution de taille (surface) des grains. La quantification de ces différents paramètres montre que la recristallisation statique, qui augmente vers le contact avec l'intrusion, est (i) responsable de la diminution des paramètres d'anisotropie de forme et d'élongation des minéraux, (ii) cause une augmentation de la taille de grain, et (iii) est responsable de la disparition de l'orientation préférentielle des minéraux. Ensembles, la description qualitative et les mesures quantitatives montrent que les transformations à l'état solide dues au métamorphisme de contact tendent à faire disparaître toute trace d'anisotropie préexistante en faisant évoluer la texture des cornéennes vers des textures isotropes et équigranulaires. Cette étude met également en avant les difficultés et problèmes liés à la segmentation des objets avant traitement, en particulier pour les roches métamorphiques multiphasées où les phases minérales avec fractures et clivages "décorés" sont fréquents.
INTRODUCTION
The emplacement of post-tectonic magmatic intrusions develops a contact metamorphic aureole of limited extension within cool country rocks whatever their nature (i.e. sedimentary or already cooled magmatic or metamorphic host-rocks). Several changes may occur in the immediate vicinity of the igneous intrusion (i.e. within the aureole) among which structural, textural, chemical and mineralogical transformations that are due to the thermal and sometimes metasomatic effects of the hot intrusive body [e.g. Eskola, 1914 Eskola, , 1915 Miyashiro, 1973 ; Kerrick, 1991 ; Spear, 1993 ; Barker, 1998, etc…] . These changes produce new textures (in this paper, the term "texture" is synonymous with "microstructure", i.e. a description of the geometric arrangement and relationships between minerals as well as the intrisic features of minerals). It results from coarsening and neocrystallization [Kerrick, 1991] (i.e. tex-tural changes without mineralogical changes or textural changes + phase changes) due to chemical reactions. All transformations occur during temperature increase and at mechanical equilibrium, a process commonly called static recrystallization. Rocks that have undergone static recrystallization during contact metamorphism are known as hornfelses. They are characterised by a typical granoblastic polygonal-equigranular texture [Yardley, 1989 ; Shelley, 1993 ; Barker, 1998 ]. Though many hornfelses may retain some relics of planar fabrics formed during earlier regional metamorphism [Yardley, 1989] , contact metamorphism tends to erase any existing trace of planar anisotropy (S 0 or S 1 for example) producing an isotropic texture [e.g. Bonin et al., 1997] .
In this contribution, a bi-dimensional image analysis is made in order to quantify the textural evolution of hornfelses resulting from the contact metamorphism of rocks, which had previously undergone a regional deformation and metamorphism. We consider this useful because such an application of image analysis is rare though constituting a very promising method for petrology, especially when describing quantitatively microstructures [e.g. Evans et al., 1994 ; Starkey and Samantaray, 1994 ; Bryon et al., 1995 ; Cooper and Hunter, 1995 ; Ersoy and Waller, 1995 ; Swan and Garratt, 1995 ; Capaccioni and Sarocchi, 1996 ; Capaccioni et al., 1997 ; Gregoire et al., 1998 ; Launeau and Cruden, 1998 ; Leiss et al., 2000] . Indeed there are numerous subjective descriptive terms such as "isotropic", "anisotropic", "equigranular", "coarse", etc… which are used in petrology in order to describe textures and fabrics which are features generally not easily quantified. Moreover, most of these recent works are dedicated to the study of microstructures and fabrics of sedimentary or magmatic rocks (Opt. References) and there is little on metamorphic rocks. Note also that other applications may be considered such as the quantification of finite strain [e.g. Ramsay, 1967 ; Wood, 1973 ; Wood et al., 1976 ; Ramsay and Huber, 1983 ; Ailleres et al., 1995] .
And finally, this numerical approach is also interesting because quick and relevant results are expected without doing any fastidious measurements. In addition, image processing allows much more and better statistics.
This study shows quantitatively that shape anisotropy-parameters of minerals reduce, that the structure of rocks tends to an isotropic texture, and that coarsening increases, when approaching the contact with the intrusive. Some of the problems encountered during this study are also highlighted as well as the future developments that are considered in order to complete this study.
MATERIAL AND PROCEDURES (METHODS)

Geological setting and material
The Saint-Brieuc diorite (SBD -northern Brittany, France ; fig. 1 ) developed a narrow contact aureole (M2) in rocks which had previously undergone a regional-scale deformation and metamorphism (D1-M1) [Hebert, 1993 ; Hebert et al., 1993 ; Hebert et al., 1997] . The SBD is not deformed and there is no intrusion-related deformation of the country-rocks . By contrast, the thermal effect of the diorite is distinctly recognisable, especially in the Lanvollon formation . This formation is mainly composed of fine-grained amphibolites, which were derived from basalts. Three samples of metabasalts have been selected in order to describe and quantify the textural modifications induced in these country-rocks by the SBD. The first sample is ROS10 ( fig. 1 ; photo B). It is considered as the reference sample as it has not been affected by the contact metamorphism. M1 "Regional paragenesis" is made of Hbl-Ca-Plg-Qtz-Ilm ± Bt ± Epi [mineral abbreviations according to Kretz, 1983] and the most striking feature is the grano-nematoblastic "regional texture" characterised by a preferred orientation of acicular crystals of amphibole with a high length/width ratio.
Sample SB1 represents the Hornblende hornfels facies aureole. The contact metamorphic assemblage is the same as the M1 assemblage except that it lacks Epi. The regional fabric S1 is still recognisable ( fig. 1 - 
Method
In order to quantify the textural evolution of the metabasalts when affected by contact metamorphism, we focussed on a 2D analysis of the geometrical parameters of mineralogical phases. These are more particularly (i) the anisotropy shape factor (length/width ratio) , (ii) the preferred orientation of minerals, and (iii) the crystal sizes in order to demonstrate coarsening. For this preliminary study, thin sectioning has been carried out normal to the regional foliation plane (S 1) and parallel to the stretching lineation (L 1 ). A mosaic of juxtaposed microscopic images of thin sections was realized using the ™Pegase frame grabber. This enabled to have a large and representative view of the microstructure of rocks ( fig. 2A ) and consequently reliable statistics. Nevertheless, each frame was analyzed separately (e.g. fig. 2B and 2C) in order to reduce worktime with the computer (the lighter the image, the faster the calculation). Once the set of images has been made for each sample, the different objects must be first contoured (segmentation) before analysing the image and calculating the different parameters. A manual digitalisation was deliberately performed in order to contour specific phases relevant to the study and remove completely unwanted information before processing with the image analysis ™Aphelion package. This operation has been done for several reasons but mainly because the stud-ied amphibolites are multiphase rocks and also because automated image processing packages, even with the most recent mathematical treatment of mapping, cannot distinguish cracks, same grey levels from one phase to another, and other superfluous information (e.g. noise produced by the many tiny inclusions within grains) from desired image elements. For this first attempt, we focussed only on two phases. First, amphibole because (i) it is the dominant component of the studied rocks, (ii) it clearly shows the characteristics of the textural changes and (iii) it is a contrasted object compared to plagioclase and quartz. Despite their morphological contrast, individual amphibole grains show frequently some variations of colour, which adds complexity for the image analyser. Secondly, opaque minerals because they are dark objects allowing a straightforward automated image processing. Though they are abundant, plagioclase and quartz grains have not been selected in this preliminary study because of the difficulties in their grain boundary enhancement even when using reflected light. Moreover, quartz and plagioclase have similar optical properties that make the automated image processing unable to distinguish one phase from the other (colourless, similar or close relief and birefringence). In addition, plagioclase twinnings observed in crossed polars can be interpreted as grain boundaries.
Once this sort of "manual filtering" was applied, we obtained a set of binary images for each phase ( fig. 2) , enabling a straightforward contouring (or segmentation ; note that in many examples of automated image analysing, the segmentation must often be completed by a manual closure of the grain boundaries) of the desired objects using the ™Aphelion package, which runs all the standard analysis operators in routine and allows the quantification of several parameters. Two object analysis operators have been used : • Location: Within aureole; ±125 m from the contact.
• Paragenesis (M2): Hbl-Plg-Qtz-Ilm±Bt (Epi lacking) (Hornblende hornfels facies).
• Texture: grano-nematoblastic. S1 is still recognizable. Note the decrease of the L/w ratio of amphibole and the development of triple junctions between the most isotropic phases (Qtz and Plg)
• Location: Out of aureole; ±4 250 m from the contact.
• Paragenesis (M1): Hbl-Plg-Qtz-Ilm±Bt±Epi • Texture: nematoblastic ("regional" fabric). It is characterized by the preferred orientation of acicular amphibole cri stals with a high Length/width (L/w) ratio. * the "AphRegionFeret" operator computes, for each area, the oriented minimum bounding rectangle (MBR = the feret diameter ; fig. 2C ). In order to get the best fitting MBR, we have imposed the operator to try a number of 180 orientations (i.e. every degree). Once the MBR computed, several parameters can be measured. For this study we focused on (i) the height of the MBR which corresponds to the (maximum) width of the mineral (w parameter), (ii) the width of the MBR which can be regarded as the length of the mineral (L parameter), and (iii) the angle of the longer axis of the MBR with the horizontal (fig. 2D ). These measurements enable the quantification of an anisotropy shape factor that is the L/w ratio of crystals, as well as the preferred orientation of crystals. The "AphRegionFeret" operator can also be used for visualizing the MBR (e.g. fig.  2C ).
* The "AphObjComputeMeasurements" operator computes a large variety of measurements for a number of different spatial objects, which can be either regions (i.e. grains) or lines. In this study, we retained the "pixel count" measurement that is the quantification (in pixels) of the area of a region, and the measurement of the "elongation" parameter. This parameter, called here e, is the difference be- tween the lengths of the major and minor axes of the best ellipse fit, divided by the sum of the lengths (i.e. e = (L1 -L2) / (L1 +L2) where L1= major axis and L2= minor axis ; fig. 2E ). The e parameter ranges between 0 (i.e. no elongation or lengthening) and 1 (i.e. high elongation or lengthening).
RESULTS
Measurements of the anisotropy shape factor (i.e. length/width ratios) and elongation parameter (e = (L1 -L2) / (L1 + L2)) of grains, preferred orientation and surfaces of grains are presented in the following section. Data are shown separately for each phase and always from the outermost to the innermost part of the aureole, i.e. from ROS10 to SB74.
Amphibole
The anisotropy shape parameter has been respectively measured for 1509 crystals of amphibole in ROS10, 923 in SB1 and 1261 in SB74. Results are displayed on the histograms of figure 3. Length/width ratios of amphibole crystals ( fig. 3a ) from all the three samples show a unimodal distribution. The most striking feature is the variation of ranges and mean values from one sample to another. In ROS10, L/w ratios show a large range of values between 1 and 24 with a modal peak around 6 and a mean value at 7.9. Amphiboles from sample SB1 have a L/w ratio varying between 1 to 17 with a peak mode at around 2.5 and a mean value at 2.86. SB74 shows a strong decrease of the L/w ratio parameter. It varies between 1 to 7.7 with a strongly marked peak mode at around 1.5 and a mean value at 1.95. A similar information is obtained when using the elongation parameter e (fig. 3b ). Amphibole crystals of ROS10 have a high and well-defined elongation as shown by a peak mode value at 1, whilst those of SB1 and SB74 have a lower and less striking elongation. The measurements of amphibole preferred orientations are shown in figure 3c . The preferred orientation of amphibole is particularly well defined for samples ROS10 (~N065) and SB1 (N080-N090). In the latter, a minor amount of crystals is trending around N110. Finally, sample SB74 is characterized by no preferential orientation of hornblende crystals. Indeed, the distribution of amphibole orientations does not show a unique and preferred direction but a rather "isotropic" distribution, i.e. in almost all directions.
Bull. Soc. géol. Amphibole areas ( fig. 3d ) have been measured from digitalized pictures which had all been initially acquired at constant magnification under the microscope for each sample. They were measured in number of pixels (size is 3.10 -6 m square pixel for ROS10 and SB1 ; 15.10 -6 m square pixel for SB74). Hornblende areas from ROS10 range between 0-1750 pixels but "small" crystals with areas between 0 and 500 pixels dominate. In sample SB1, the range of values is larger (0-3250) but is still dominated by low area crystals (0-500 pixels). And finally, in sample SB74, the range of values is even greater (up to 5000 pixels) but the most striking feature is that amphibole crystals with area higher than 500 pixels are abundant.
Opaque minerals
Anisotropy shape parameters have been measured respectively for 2506 crystals of opaque minerals in ROS10, 965 in SB1 and 352 in SB74. Results are displayed in figure 4 . Length/width ratios of opaques ( fig. 4a ) from all three samples do not show results as clear as for amphibole. In particular, histograms do not show unimodal distributions with well-defined modal peaks. Nevertheless, a decrease of the L/w ratio for sample SB74 (mainly in the range 1 to 3) is observed, compared to samples SB1 and ROS10, these two samples showing a similar range of values (mainly between 1 and 4). Note that samples ROS10 and SB1 show very rarely L/w ratios out of range (1-4.5) (respectively 6 measurements for ROS10 and 5 for SB 1) and considering the amount of data, we regard them as non-representative.
Elongation parameter histograms ( fig. 4b) show similar results, i.e. plurimodal distributions with a widespread range of values. Elongation of opaque crystals is not as high as for amphiboles (values of e parameter moved towards lower values than those deduced from amphibole) but it seems higher in samples ROS10 and SB1 than in SB74.
The preferred orientation of opaques ( fig. 4c) shows results similar to amphibole, i.e. a well-defined orientation within samples ROS10 and SB1 (respectively around N065 and N080-N090) and no favourite orientation within SB74 but rather an "isotropic" distribution.
Opaque minerals are characterised by low areas compared to amphibole. Area measurements range between 0-800 pixels ( fig. 4d ). This range of values can in fact be reduced to 50-500 pixels because higher values correspond to clusters of several individual opaque grains that are in contact ( fig. 5 ). All three samples show the same grain size distribution, i.e. unimodal with a high peak at low values (50-150 pixels).
DISCUSSION AND CONCLUSION
Three parameters concerning morphological features of hornblende and opaque phases have been quantified in this study. They concern the anisotropy shape factor (stretching and elongation of minerals), the preferred orientation and the surface fraction (area) of minerals. The quantification of these different parameters shows that the static recrystallisation of amphibole was characterized by :
-a reduction of the anisotropy shape and elongation parameters, i.e. that the L/w ratio of hornblende crystals decreases drastically from outside the contact metamorphic aureole towards the contact with the diorite. Hornblende "needles" of sample ROS10 are in average 8 times longer than wide, amphibole crystals of SB1 are 3 times longer than wide and eventually amphibole crystals of SB74 are 2 times longer than wide (note that this value is close to the unit cell parameters ratio of chain-silicates) ; -this static recrystallisation caused coarsening, especially where pyroxene hornfels facies conditions have been achieved. Indeed, a comparison between the amphibole areas of ROS10 and SB1 (this latter being a hornblende hornfels facies) does not show real differences in terms of crystals sizes. By contrast, sample SB74 shows that a large amount of amphibole has areas that are larger (up to four times) than the range of values measured for ROS10 and SB1. The measurement of areas combined with the shape parameters of hornblende demonstrate, quantitatively, a solid-state amphibole growth, which contributes largely to the overall coarsening. Note that the mineral growth is achieved without external chemical influx (i.e. at constant composition) ; -the static recrystallisation was also responsible for the disappearance of preferred orientation of amphibole ( fig. 4) , especially where thermal annealing was the most important, i.e. within the pyroxene bearing hornfelses.
The measurements performed on opaque minerals lead, to a lesser extent, to the same conclusions. It is important to note that even if they show evidence of recrystallization (evolution of the shape parameters), opaque minerals do not seem to be subject to coarsening during thermal annealing.
Altogether, these data provide informations on the microstructural evolution of metabasites that were affected by contact metamorphism. It is indeed a case study which shows that static recrystallization related to contact metamorphism tends to erase any preexisting trace of anisotropy such as stretched and oriented minerals and generates coarsening. These solid-state transformations lead to textural changes in the rocks, which tend to become isotropic and equigranular. The tendency to form a granoblastic-polygonal microstructure results from the minimisation of surface area (minimisation of boudary energy) during recrystallisation. It develops many linear or planar grain boundaries which are characteristic of a highly stable mineral arrangement. These results are therefore in good agreement with the general concepts about the effects of contact metamorphism [e.g. Kerrick, 1991 ; Shelley, 1993 ; Barker, 1998 ]. To be reliable, these results must be completed with the analysis of the morphological features and areas of cristals in an additional plane (such as XY) to the one studied here (i.e. XZ). Especially in sample SB74 where we cannot completely disregard a possible cut effect on the measured parameters for the moment. Nevertheless, we believe these preliminary results are significant because (i) thin-sectionning has been made with regard to the same macroscale and structural reference : the mineral lineation ; (ii) consequences of cut-effect should not be too important because there are few (less than 1 %) basal sections of amphibole in SB74 thin section and also because amphibole cristals are not acicular.
Beyond the quantification of the textural evolution of the metabasites due to the contact metamorphism, it would be interesting to understand why and how the amphibole shape changes from an acicular shape to a more or less equidimensional shape. Did this change occur gradually with slow incremental heat diffusion (i.e. boundary migra-tion), or did this change occur rapidly (abruptly) involving some kind of jumps as in the case of thermally activated recrystallisation mechanisms (primary recrystallisation) ? It would give information on the amphibole solid-state recrystallisation mechanisms. When passing from sample ROS10 to SB1, it seems that acicular crystals of amphibole were undergoing a sort of "segmentation" with appearance of grain boundaries that are normal to stretching, as if the needles were separating in several crystals. Similar phenomena can be observed in a "dynamic context" where a ductile matrix can drag a rigid object and the resulting stress is transferred to the geometrical centre of the rigid object provoking its break-off (fibre loading concept first outlined by Cox [1952] and developped by Kelly [1973] ). Unfortunately, this is unsuitable for "static" contact metamorphism. Is the appearance of new grain boudaries the result of nucleation ? It is noteworthy that at the same time, the amphibole gets slightly wider as if an orientated growth, normal to the already well-developed crystal faces (i.e. normal to elongation) has occurred (one can also wonder whether a boundary migration due to "impeading phases" occurred as described [in Humphreys and Hatherly, 1996] ). During this stage, the amphibole seems to behave as a rigid object, especially with respect to the matrix (quartz and plagioclase) which may deform and recrystallize easily. This is suggested by the fact that triple points between quartz and plagioclase are already present. Regarding SB74, hornblende is much larger, generally subhedral and occasionnally poikiloblastic. In this case, growth conditions must have been intermediate, as slow growth would produce euhedral minerals and rapid growth anhedral minerals [Barker, 1998] . In that case the amphibole must have had a higher mobility where it tends to include the matrix phases. Anyway, it is very likely that the general coarsening was achieved by the elimination of small grains by grain boundary mobility, as suggested for quartz and plagioclase. It is also very important to take into account the two main factors that control the growth kinetics and drive the static recrystallization : temperature and time. These two parameters vary as a function of the distance to the pluton, and therefore growth kinetics vary from one point to another within the aureole.
Further developments to this preliminary study are mainly methodological. First, we will focuss on the quantification of the microstructural evolution of quartz and plagioclase. For this purpose, we are considering the chemical processing of thin sections in order to enhance colour contrast between quartz and plagioclase. This should allow the ™Aphelion package to make a straightforward distinction of the two phases. Secondly, a 3D approach should be considered. This will be made via the analysis of images taken in XY, XZ and YZ planes. And eventually, the density of the sampling will be increased along a transect perpendicular to the aureole, so that we can constrain further the interpretation of the amphibole shape change. This work should enable to establish if there is a progressive and continuous nucleation and growth of crystals across the contact aureole as shown by Cashman and Ferry [1988] .
